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ABSTRACT

This Final Report describes the progress made in analysis, development
and evaluation of a subreflector array illumination control technique. The subreflector
array technique is used in conjunction with a parabolic reflector and feed horn to reduce
antenna noise temperature while providing increased antenna efficiency. This reportI
includes the results of a model test program which indicates a model efficiency of 68percent-and a noise temperature of 27 degrees kelvir. over a 5 percent X-Band frequencranke., Discussion also includes a focal fed lens array design and application to
conical scanning and monopelse systems.
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EVA TArION

An inverse taper producing subreflector array technique used to
replace the hyperbolic subreflector in a Cassegrain antenna system was
further investigated and developed during this continuation effol-t to
achieve inroved antenna efficiency, noise temperature and radiation
characteristics. The subreflector array used in the Casaegrair config-
uration is designed to transform a tapered feed pattern function into a
nearly uniform main parabolic reflector aperture illuination function.

The initial X-band breadboard model antenna constructed ruder a
prior study program provided satisfactory radiation patterL characteris-
tics in only one of two principal planes. Large pattern pertwebs-ion
errors exhibited In the orthogonal plane of the antenna resulted In de-
gradation of the overall model gain and noise temperature performance
levels. This was attributed to high surface coupling between adjacent
cells in that plane of the subreflector array structure. The model con-
sisted of a 10 ft. main parabolic reflector -ith a ulticellular, polar-
ization independent, subreflector array structure fed by a dual mode
conical feed horn. The detailed results of the study proa and design
parameters are discussed in RADC-TR-65-166, Final Report, entitled, "Loa
Noise Antenna Techniques", dated July 65.

In the follow-m effort, a linearly polarize-d subreflector array vas
fabricated to replace the subreflector used in the existing feasibility
antenna model. Corrective design techniques incorporated into the array
structure included reduced eleent spacing and refinement of the shotting
surface geaetry. Model measurewents :-iducted with the use of either A
pencil beam or monopulse feed demnstrat :d satisfactory antenna perform-
nce over a 5% frequeney band. Antenna pattern data in terms of beam-

width, side lobe level and null locations indicates that illvminatio
transformation is being achieved in both principal planes of the subre-
flector array. The 68% antenna efficiency obtained represents a 35% Im-
provement over that provided by the initialaf constructed model. A sig-
nificant irovement vas achieved in antenna noise teperature p'rorzvm
ance. o>del antenna noise temperatures obtained using the pencil bean
and maonpulse feeds vere 2'-M and 32*K, respectively. The antenna noise
temperature provided by the initially constructed model vas TOOK.

Minim= performance requirements were met with the emmeption of
bandvidth which is 5% rather thabt the specified 10% at X-band. In adi-
tin, H-plane beamidths are slightly troader than specified. Resulis of
the effort provided design informtion and perfarmnce limitations cc a
subrflector array technique which can be used vith a main parabolic ri-
flector in a Cassegrain geometry to enhance tracking antenna o e.

Project Engineer
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SECTION 1

INTRODUCTION

This final technical report describes the results obtained in the"
development and demonstration model test of an inverse taper illumination
technique which is applicable to parabolic reflector antenna systems. This
technique (1, 2, 3, 4, 5) consists of replacing the Cassegrainian hyperbolic sub-
reflector with a subreflector array structure to provide additional aperture
illumination control. The focal fed parabolic reflector version consists of
introducing an illumination control lens array between the feed and reflector.
These techniques can be used to provide a better compromise for low antenna
noise temperature and high antenna efficiency. (See section 8 for all references.)

At the conclusion of the second quarterly program phase (5) a linearly
polarized subreflector array structure had been fabricated and was ready for
test. Also, a polarization independent subreflector array structure had been
designed and calculations had been made to evaluate its performance. An X-band
model antenna had been selected to demonstrate performance. Pencil beam feed
tests had been completed and a monopulse feed had been designed in preparation
for subreflector array model performance evaluation. Also during the second
quarterly period, normal incidence surface impedance studies were conducted
and model tests, using a simple hyperbolic subreflector, were started.

Progress during this final report period has included the following:

1. Hyperbolic subreflector tests

2. Surface impedance studies and tests for other than a normal oriented
reflected wave

3. Linearly polarized subreflector array tests using various shorting
surface geometries and various surface matching configurations

4. Tests using both a pencil beam and a monepulse feed

5. Polarization independent subreflector array tests

6. Model antenna gain and noise temperature evaluation

7. Lens-array design studies for a focal fed parabolic reflector

4l



Linearly polarized subreflector array tests with the pencil beam feed
have demonstrated a model efficiency of 68 percent over a 5-percent frequency
band.i This represents a signLficant improvement as compared to a model
efficiency of 51 percent using a simple hyperbolic subreflector. Tests with the
monopulse feed have also demonstrated an efficiency of 68 percent. Model
Antenna noise temperature using the pencil beam and monopulse feeds are 270K
And 320K, respectively.

The goals established for the test model using the pencil beam and

monopulse feeds are as follows:

Pencil Beam Pencil Beam Monopulse
Parameter Minimum Objective Objective

Nois6 temperature 500K 35 0 K W0~K

EficmIncy 68% 74% 60%

Bandwidth :k5% at X band ±il0% at X band ±5% at X band

Gain 46 dB 46 dB 46 dB

VSWR Less than 1.3 Less than 1.3 Less than 1.5

alf power beaniwidth Less than 0.750 Less than 0.70o Less than 0.80

1O-db: beamwidth Less than 1.30 Less than 1.20 Less than 1.40

2OU--dB-beanfWidth Less than 1.70 Less than 1.70 Less than 1.90

Fist two sidelobe6 Less than -l5dB Less than - 15 dB Less than -5dB

Other. sidelobes
wihliA0 Less than -25dB Less than -25 dB Less than -25 dB

~Rmaining sidelobes
t041800 Less than -4OdB Less than -4OdB, Less than -40dB

P6Waiiation Linear Linear and Linear
circular

-With relatively few exceptions the minimum requireme~nts and the
objectives have been achieved. The major exception is that the Subreflector
array, haiidwidth is found to be 5 percent rather than ±5 percent. Also, but of I
lesser importance, the beamwidth is somewhat broader than anticipated. The

__ following is a tabulation of the model results achieved:

-P..
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Pencil Beam MonopulseParameter Performance Performance

Noise temperature 270 K 32 K

Efficiency 68% 68%

Bandwidth 5% at X band 5% -t X band

Gain 46.5 dB 46. 1 dB

VSWR Less than 1.3 Less than 1.3

Half power beamwidth Less than 0. 820 Less than 0. 850

10-dB beamwidth Less than 1. 40 Less than 1. 4

20-dB beamwidth Less than 1. 80 Less than 1. 90

First two sidelobes Less than -15 dB Less than -15 dB

Other sidelobes within ±150 Less than -26 dB Less than -19 dB

Remaining sidelobes to h1800  Less than -40 dB Less than -40 dB

Polarization Linear Linear

A review of the measured performance indicates that significant gain-
noise temperature performance improvements have been achieved over a 5-per-
cent frequency band as compared to a conventional Cassegrain sabreflector
configuration.

Although the results achieved are encouraging, additional work can be
done to improve further the subreflector array performance. Results indicate

" generally 10 percent broader H-plane beamwidths and lower near-in sidelobes,
as compared to the E-plane performance. This results in a somewhat reduced
efficiency, as compared to theoretical, and is the result of inherently poorer
H-plane element impedance match and element pattern characteristics. Results
indicate a significant improvement is possible by applying a shorting surface
adjustment to minimize the aperture phase error, but the amplitude error due to
element mismatch remains a degrading factor. The subreflector array is found
to be highly astigmatic without this control.

Results with the polarization independent subreflector array indicate a
model efficiency of 43 percent. This poor performance is due to inadequate
element surface impedance description for this dielectrically loaded waveguide
configuration.

--
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SECTION 2

PROGRAM DESCRIPTION AND BACKGROUND

The purpose of this program is to develop, demonstrate, and evaluate
'in inverse taper transformation technique that will reduce reflector antenna
ioise temperature while providing increased antenna efficiency. The inverse
toier technique consists of introducing a structure into the reflector optics,
which will operate on the feed illumination pattern, producing a parabolic re-
flector aperture illumination function that is consistent with low noise tempera-

kue and high aperture efficiency requirements. For a Cassegrain antenna, the
inverse taper transformation is affected by a subreflector array structure which
replaces the hyperbolic subreflector. This provides control of both the para-
bolic reflector aperture phase and amplitude illumination function. The com-
parable inverse taper structure for a focal fed parabolic reflector system
Would be a constrained lens lecated between the feed and reflector. Transfor-
mation of the feed pattern by the inverse taper producing structure permits
a oimizAdtion of the resulting amplitude illumination function. For a high
eficiency, low noise temperature design, the illumination function, as viewed
fom- the parabolid focus, will approach that of uniform illumination within the
inclided angle of the parabolic reflector, and will approach zero in the remain-
ing spillover region.

Within the stated low nd-ise temperature - high efficiency objective,
principal Areas of investigation included:

* ModificAtion of the inverse taper transformation design equations to
include subreflector array surface interaction effects

* Adjustment of the subreflector array shorting surface to achieve
o.timum inverse taper transformation performance

* Study and implementation of modified subreflector array configura-
tions to minimize surface interaction effects, including reduced
intercell spacing techniques

* Additional inverse taper transformation diffraction limitation
studies and efficiency-noise tempar-to re tradeoff evaluation and
test

* Evaluation and test of the subreflector array as applied to pencil.
beam, monopulse, anl conical scanning feeds

'4



The above program is a continuation of the effort reported under
contract AF 30(602)-3382 (1,2, 3). The analytical investigation initially estab-
lished the design techniques for utilizing an auxiliary structure to produce a
special inverse taper transformation of the feed pattern. This structure was
designed to modify a highly tapered feed pattern to provide a nearly uniform
main parabolic antenna aperture distribution. The general formulation included
generation of the design equations, evaluation of parameter variations, and sub-
sequent optimization of various antenna configurations. This formulation in-
cluded diffraction pattern limitations and noise temperature evaluation so that
efficiency-noise temperature compromise design criteria could be established.

As a check on the established theory, an inverse taper transformation
X-band feasibility model antenna was assembled. This unit consisted of three
major components:

A paraboloidal reflector which is 10 feet in diamet-., focal length.
to diameter ratio of 0. 4, and surface tolerance of ±1/32 inch

e A subreflector array, which is a multicellular structure (259 cells),
approximately 15 .nches in diameter, and 10 inches deep to
accommodate the adjustable shorts used for the model

a A dual mde (TE1 1
0 and TM1 1

0 ) conical feed horn, oolected and
designed for low spillover and axially symmetrical pattern per-
formance characteristics

The tests conducted during the above referenced program demonstrated
that inverse taper pattern control is possible, and indicated ihat further develop-
ment of this technique could be expected to provide improved antenna efficiency-
noise temperature performance. The design equations, which were established
to produce inverse taper transformation, were found to be satisfactory for only
one of the two principal planes of the subi eflector array. In this plane of the
array, mutual coupling or surface wave effects on the face of the structure were
found to be small, and inverse taper transformation was achieved. This was
evidenced by a high degree of correlation between measured and calculated
beamwidth. sidelobe, and spillover performance characteristics. In the
orthogonal plane of the subreflector array, however, the design equations were
found to be inadequate to account for the more severe surface wave effezts.
Subsequent correction of the ubreflector array shorting surface improved the
pattern characteristics in the region of the main beam. Additional fine correc-
tion was suggestLd to reduce the near-in sidelobe power and spillover power.
The difference in surface interaction effects, for the subreflector array struc-
tare, was attributed to the difference in effective element spacing in the two
planes.

Based on the results of the above program, further development of
inverse taper transformation for high efficiency-low noise temperature antenna
design was recommended and initiated. The present program is a direct result
of the recommended effort and is a continuation of the inverse taper transforma-
tlion investigations.

5

'_ I



During the first quarterly period (4), a computer program was written
to simplify the design of a subreflector array. This computer program also
provides feed and array pattern performance, aperture illumination efficiency,
and back hemisphere spillover loss. This program was used to calculate the
performance of the polarization independent, unloaded, square cell array, for
which test results had been obtained on a previous phase. (3) The calculations
indicated the need for reduced subreflector array element spacing to improve
its performance.

Subsequent calculations were made using unloaded rectangular wave-
guide for use with a single linear polarization design. Substantial improvement
was predicted and work was initiated on the design and fabrication of a linearly
:polarized subreflector array model.

Subreflector array zoning techniques had been evaluated. These could
be sed to reduce the depth of the subreflector array and to increase the band-
width of the device. The design technique was extended so that array zoning
automatically can be generated and evaluated with a digital computer.

M Studies were reported (4) to extend the geometrical optics description
for location of the subreflector array shorting surface. These studies indicate
that adjustment of the shorting surface could be used to compensate for the
array entry surface mismatch effects. The analytical description of the sub-
reflector array was extended to include surface mismatch, and tests were
ilafined for measurement of the necessary parameters.

During the second quarterly period (5) progress was reported with
reard to linearypolarized and polarization independent subreflector array
techniques, measurement of surface mismatch parameters for normal incidence,
and demonstration model subreflector array and feed design configurations.

Fabrication ef the linearly polarized subreflector array was cempleted.
T subreflector array consists of 431 aluminum X-band waveguide cells
located on a triangular grid. The assembly has a nominal diameter of 15 inches.

Primary pencil beam feed horn pattern tests were completed. Pattern
tests were conducted with the upper band and lower band horn phasing sections
to determine the 'mtimum shim lengths ns a function of frequency.

Tests were conducted on an available C-band reflector array model to
determine the normal incidence surface mismatch parameters. The results
then were extrapolated I- X band. The computer program was then modified
to include the normal incidence mismatch parameters in the design of the sub-

reflector array shorting surface.

Polarization indepe-ndent subreflector array model techniques, using
dielectricaily loaded square waveguide cells, were established. Pattern and
efficiency calculations were made to determine cell spacing and loading for
this model.

6



A spun hyperbolic Cassegrain subreflector, to be used in conjunction
with the breadboard paraboloidal reflector and feed, was designed and fabricated.
The purpose of this unit was to provide a reference with which to experimentally
determine the performance improvement that could be achieved with the sub-
reflector array.

A monopulse feed was being assembled to demonstrate inverse taper
transformation with this feed type. The feed has since been completed and -on-
sists of two horns which are stacked in the E plane, and fed by a comparator
which consists of a folded E-plane hybrid tee. This provides a linearly polarized
single-plane monopulse feed with a sum channel and an E-plane difference
channel.

I

z[

I-



SECTION 3

MODEL TEST PROGRAM

3-1 TEST EQUIPMENT AIW. PROCEDURES

-The model antenna consists of a 10-foot diameter aluminum parabolic
reflecting dish and supporting structures for feed horn and subreflector com-
binations. The antenna mount is capable of rmfficient elevation motion to peak
on the transmitting dish, located 1200 feet away (far field), and allows for posi-
tioning the model antenna in any polarization plane.

The platform has a variable speed control and can rotate 360 degrees
-~ in azimuth. A synchro in the platform drives a pen recorder which, for most of

the patterns illustrated in this report, prints out on the chart paper with a
5 degree per major division scale.

Mode adapters on the feed horns used during tests provide the transi-
tion to a coaxial transmission line. The other end of the line connects to a
calibrated variable attenuator, crystal mixer, wide-range receiver, and the
pen recorder.

-A continuous wave test signal at a frequency between 8.2 to 10.0 GHz
is generated either by a remotely tuned backward wave oscillator, or by tuning
of an X-band klystron at the transmitting site.

Gain measurements are referenced to a gain standard X-band horn. To
account for amplitude variations across the aperture of the model antenna, the
gain standard horn is moved in elevation across the aperture, and its average
signal level is selected for the standard reference level.

The VSWR of the model antenna is measured by means of a slotted line
-and crystal detector mounted immediately behind the feed horn.

Supports for the feedhorn and subreflector allow for small translations
and rotations to optimize antenna performance.

The conical feedhorn used during the test program has two sets of shims
to provide proper horn phasing at each test frequency. The monopulse type feed
is a pyramidal horn with an H-plane septum and a comparator consisting of a
folded E-plane hybrid tee. This permits an E-plae difference channel, as well
as sum channels. In both planes. Figure 1 shov. ,the monopulse feed assemly.

8
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Thavfisgi asutalshor (serston 3-2c andit a- ofsi referecemp).isoe

-~ other stfibreflector artay is polarization independent an-d consists of aprjroyi-
mhatey 425 square waveguide cells on a triangudlar grid, aOso with adjustable

___ - shorts (see section 3-7 of reference 5).

The patterss illustrated and summarized generally represent the best
compromise betwReen E- and H-plane patterns for the particular feed-subreflec-
tor combination in test. This compromise position of the subr~flector is
arrived at, first. by finding the optimum E- and H1-plane positions for the sub-
reflector; a different setting for each plane sometimes is necessary because of

-~~~ atgniatc effects. The subreflector is then set midway between these optimum.
pointc. and all patterns are Wklen for that particular short-setting at allI fre-

___ entdes. The maximum.- antenna gain has generally been found to occur at
these compromise positions, thus ;Justifying this procedure.

-~ 3-2 MODEL AWITNNA PERFORMANCE WITH SPUN
HIYPERBOLIC SUBREFLECTOR

___ Figure 2 shows the entire model antenna -with conical feed assembly
and the spun aluminum hyperbolic subreffiectur. Alignment was carriedi out.
*st byfirii h lmntsaig otecluatdtertclvle.

__ Pitterns were -then taken in both E and R planes, and fine adjustments were
Madtf~r bet fcti. Figures 3 and 4illustrate the results at the best adjust-

ment aelements, and shows the following performance characterisfIcs:

Half Power l0-dB 20-d1 F irst. Two
Frequency 3Pattern- Gain Beamwidth Beamnwidth Beamwidth Sidelobes

1,GHZ) Plane (dB) (deg) (deg) (deg, (MB)

9.1I H 46.2 0.75 . 1.30 1.65 20

E -- 0.80 1.35 1.70 22

The efficiency of this configuration is 51.3S percent, well within the
expected value range. A more optimum feed illumination and less aperture
blockage would raise this figure. but the measured value is representative for

- the systemis being compared.

1_-
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3-3 SUBREFLECTOR ARRAY, FIRST SHORT SETTNG

Figure 5 shows the subreflector array composed of rectangular
aluminruD X-band waveguide cells in place on the model antenna. Figure 6 is
a view ofthe subreflector array showing the entry surface contour. The first
Short setting in the subreflector array was based on a constant entry surface
susqeptance as a function of scan angle, p s = 0. 384, and a normalized tangen-
tiai impedance of the surface equal to unity, Zti/. = 1. All short settings Pre
derived-from the equation:

d- -Lg1-Fo cot (AT/2) (6,)
2,r /t/I S

where d is the short depth from the entry surface, x g is the guide wavelength,
R01 is the normalized guide impedance (0. 764), and AT is the required phase

=difference between input and output field vectors.

Figure 7 is the subreflector array geometry. Mechanical adjustment
__ for best focused patterns in the H plane and E plane indicate a degree of

astigmatism. A best compromise spacing was obtained by placing the sub-
reflector array midway between the E- and H-plane focus positions. The
foilowing results were obtained for the optimum H, E, and compromise posi-
tions for the first short settiIg:.

First
Fedhorn to Half Power Sidek;bes

Subreflector Array Frequency Pattern Beamwidth Gain withR*K ect
Distance (in.) (GHz) Plane (deg) (dB) to Peak(dB)

19.85 (optlmum H) 9. H 0.74 46.0 -20
19.85 9.1 E 0.76 -- -15

19. (optimum E) 9.1 H 0.75 44.9 -12.5,F
19.1. 9.1 E 0.72 -- -17

Results at the compromise position are shown below:

W
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F16URE S. ANXTBRA MODEL I.1TH LINEARLY POLARIZED SUBREFP.E"TOR ARRAY
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Half First
Power 10-dB Two Other

Frequency Pattern Gain Beamwidth Beamwidth 20-dB Sidelobes Sidelobes
(Hz) Plane (dB) (deg) (deg) Beamwidth (dB) (dB)

9.1 H 46.0 0.78 1.35 -- 17 24
E -- 0.71 1.20 -- 17.5 25

450 -- 0.73 1.35 -- 15 24

9.4 H 45.1 0.78 1.45 -- 15 24
E -- 0.71 1.20 -- 18 25

450 -- 0.74 1.30 -- 14 22

9.7 H 46.1 0.77 1.50 -- 17 21
E -- 1.20 2.75 -- 10 22

Figures 8 through 19 show the patterns obtained after the alignments.
They are representative of the performance achieved for various settings a nd
frequencies tested.

No significant gain improvement over a standard hyperbolic subreflec-
tor can be detected at the design frequency of 9. 1 GHz. However, it is reason-
"ie to assume that correction of the measured astigmatism would provide a
gan improvement.

To expedite the resetting of the shorts in over 400 waveguide cells, a
iew tool was developed, with a dial indicator mounted on the shaft of the short
setting probe. T"his tool, figure 20, allowed the short setting time to be cut
roughly in half.

3-4 SUBREFLECTOR ARRAY, SECOND SHORT SETTING

Tests were run using a second shorting surface based on a more exact
representation for the tangential surface impedance. The parameter Zti/ ,
in equation 1, is not held constant at unity but becomes a function of scan angle.

Zt 1-sin2 ei sin2 9 + (PEiiP)2 CoS 2 91 (2)

' (1 - sin 2 0,sin 2 m ) 4 + (pe,/p)2

where

~op

ahd e i, • are the incidence angles. (See reference 2.)
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____Again, a degree of aStigmatism was noted. The following list tabulates
the measured Parameters for the second short setting with optimum H- and
B-plane Positions, and shows substantially the same performance as the first
short setting.

Feed Horn to Half Power First Sidelobes
__ &bteflector Array Frequency Pattern Beamwidth with Respect to

Distance i.c0z ln (deg) Peak (dB)

-920.25 (optimum H) 9.1 H 0.70 -18
9.1 E 0.80 -16

19. 25 (optlmumE) 91H 0.79 -10
E 0.70 -is

Results at the compro- .ise position are shown below for the second
short setting with 19.75-inch spaceing from feed to subreflector array:

Half Power 10-dB First Two Othier
Frequency Pattern Gain Beamwidth Beamwidth sidelobes Sidelobes

__(GHz) Plane (dB) (deg) (deg) (dB1 (,-'B)

9.1 H 46.6 M~5 1.30 14 24
B - 0.70 1.30 15 23

450 -- 0.75 1.30 13 27

9.4 H 46.5 0.79 1.40 13 22

resltsFigures 21 through 28 are the second short setting patterns. The
resuts chivedarevery sin~dlar totoefrthe first short setting.

3-5 SUBREFLECTOR MAY, THIRD SHORT SETTING

The Series of experiments, undertaken on a C-band reflector array to
t obtain a better formulation for tha surface susceptance variations with scan
MEW ;angje, wer4-1 Incorporated into the third short setting. Figures 29 through 33

ar±i the measured results showing standing wave ratio as a function of assumed
susceptance values. The estimated Susceptance values, including the previously

meSured value for normal incidence and reflection, are listed below.

B5 (0, 0) = 0.384
B,6 (41024'. 0) = -0. 025 (H plane)

BI A60 1,0 = -0. 860 (H plai
Bs (410,2413,900) = 0. 192 (E planc.)
Bs (61051', 900) = 0. t00 (E plane)
Bs (38034?,450) -0. 133 (diagonal plane)

MCM TFigure 34 shows the apparatus -used.
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These data can be approximated by the expression:
1. 362 " 3 O CS89r(3

S  ) = 0.384- 0.337 Sin 12r s- - 2.025 sin 871r cos r

This expression was used in equation 1 to set the third shorting surface for the
X-band, linearly polarized, subreflecto- a-ray. Since the astigmatism watt
found to be negligible with this third short setting, only patterns taken at the
best gain position are shown in figures 35 to 52. All shorts were also trans-
lated a fixed amount so that the center short was half a gui';- wavelength from
the entry surface. Following is a summary of the pattern results for the third
short setting with 19.5-inch spacing from feed to subreflector array:

Half Power 10-drB 20-dB First Two Other
Frequency Pattern Gain Beamwidth Beamwidth Bt.amwidth Sidelobes Sidlobes

(GHz) Plarle (dB) (deg) (deg) (eeg) (dB) (dB)

9.1 H 46.8 0.80 1.40 1.83 17.5 2
E -- 0. 7 2 1.20 . 58 18 23450 -- 07 P/4 1.28 1.67 17 32

9.4 H 46.6 0.82 1.38 1.78 15 j5
E -- 0.68 1.18 -- 15.5 28

450 -- 0.80 1.30 1.62 14 26

9.7 H 45. 3 0.--5 1.48 -- 15 20
E -- 0.68 1. 15 1.53 15 2

450 -- 0.70 1.2') 1.48 16 30

10.0 H 47.2 0.85 1.46 1.95 15 23E -- 0.69 1.20 -- 14 25
450 -- .70 1.2 0 1.52 14 27

8.2 H 45. 2 0.79 1.37 1.68 18 21
E -- 0.77 1.35 1.80 15 25

450 -- 0.81 1.36 1.80 18 22

8.6 H 0.72 1.31 1.'72 18 23
E -- 0.76 1.25 1.62 16 25

450 -- 0.73 1.28 1.65 17 20

The center frequency gain of 46.8 dB corresponds to an efficiency of
59 percent. The gain has substantially improved over previous short settings.
Having eliminated the problem of astigmatism with tle subr eflector array, it is
assumed that any remaining loss of gain was due to the broad H-plane beamwidth
(0.800).
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3.6 SUBREF LECTOR ARRAY, FOURTH SORT SETTING

The fc urth short setting assumes a surface susceptance ;-ariation of

B5  0. 384 - 0.337 sin 3 6 - sin2 -1 e724 sOS .r 1. 74 ss 9 r(C

This differs from the third shortng surface by a modification of the third term
on the right side of equation 3. This term predominates for the H- plane sub-
refiector array celis, and the basis for modification was the astigmatism noted
for the first and second shorting surface adjustments. This exression is con-
sistant vith the measurement accuracy associated with the C-band surface
impedance tests.

Figures 5 through 55 are the paterns corresponding to the fourth
short setting, taken at the maximum gain position. A gain of 47. 1 dB and

efficiency of 63 percent at 9.1 GHz occur at this position, and the astigmatism
remains negligible.

The model parameters for the fourth short setting with 19.5-inch spac-
ing from feed to subreflector array are as follows:

HIalf Power 10-dB 20-dB First Two Other
- Frequency Pattern Gain Beamwidth Beamwidth Beamwidth Sidelobes Sidelobes

(GHz) Plane (dB) (deg) (deg) (deg) (dB) (dB)

9.1 H 47.1 0.78 1.34 1.73 17 28
E -- 0.68 1.18 1. 54 17 25

450 -- 0.75 1.30 -- 16 2

Tb ifisure that the feed-subreflector spacing was indeed at a maximum
gain point, small axial movements of the subreflector array were evaluated and
the gain measured at each point. At 0. 125 inch toward or away from the feed,
the measured gain dropped rapidly 1. om 47.1 dB to 46.3 dB at 9. 1 GHz.

3-7 SUBREFLECTOR ARRAY, FIFTH SHORT SETTING

For the fifth shorting surface adjustment, another modification of the
third term of equation 3 was evaluated.

Bs = 9.384 -0. Msin er sin2 9r 1. 563 sin1" 1 r _s2 r (5)

Again, the basis of modification was the astigmatism previously noted, and the
goal was a narrower H-plane beamwidth within the estimated measurement
accuracy of the surface impedance tests.
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I
Figures 56 through 64 are the patterns taken at the fifth short setting

for the maximum gain position. The gain of 47. 1 dB is the same as that obtained
with the fourth short setting, except the beam-vi'iths at 9. 1 GHz are somewhat
larger.

The fifth short setting performance within a -i5-percent band about
9. 1 GHz for 19.4-inch spac'ng from feed to subreflector array is as follows:

tHalf Pow'er 10-dB 20-dB First Two Other
Yrequency Pattern Gain Beamwidth Beamwidth Beamwidth Sidelobes Sidelobes

(GHz) Plane (dB) (deg) (deg) (deg) (dB) (±150)(dB)
-jJ

8.6 H 46.7 0.72 1.18 1.60 18 21
E -- 0.65 1.10 1.60 17 24

450 -- 0.68 1.30 1.75 16 21

9.1 H 47.1 0.82 1.40 1.90 21.5 26.5
E -- 0.69 1.12 1.37 15 26

450 -- 0.76 1.31 -- 17.5 30

9.6 H 46.5 0.80 1.37 -- 17.5 28
E -- 0.60 0.95 1.26 14 29

450 -- 0.82 1.37 -- 16 27

3-8 SINGLE ELEMENT PATTERN PERFORMANCE

While the subreflector array astigmatism has been essentially eliminated,
the problem which is subsequently found to result from an H-plane array mis-
match, is evidenced by larger H-plane beamwidth. To investigate the match into
the waveguide cells concerned, the ,mbreflector array was removed from the
model antenna and element (waveguide cell) patterns in the array environment
were taken. The center cell, and other cells along the center lines of the entry
surface, were probed at the rear by means of a specially fabricated spring finger
coupling, figure 65. The short was removed from the element under test during
measurement of its pattern performance in the array.

The patterns for various waveguide elements throughout the subreflec-
tor array are shown in figures 66 through 75. These exhibit a nearly uniform
amplitude function tbzoughout the desired scan angle for all elements tesoted in
the E plane, which is desired. Element patterns in the H plane show one or
more nulls and more rapid pattern drop-off with scan angle, thus accounting for
the lrger H-piane bea-nwidth in the secondary patterns.

In order to improve the H-plane element mate',, various configurations
of capac-tive and inductive irises were placed at the entry,and clement pattern
performance was investigated. Best results were obtained with inductive irises
which occupied only one side of the cell. This placement seemed to show best
results in obtaining a more uniform element amplitude function in iha H plane.
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liu- it Mutrte th dmensions~ of ute iri an its l-e nti

the cells. Figire 77 is the center element Pttern (H plane) with irises in
plate.

3-9 SUBRIYLECTOR ARRAY, FIFTH SHORT SETING, FIRST TYPE
UMISES h H-PLANE CEL LS

After plaacirig the irises in the subrefiector array cells which principally
infuence H-plane performance, the subreflector array was remounted on the
model antenna. reflector for the optimuin tain position. Figures 78 through1' 80
show the patterns. Results for the fifth shori setting with 19. 5-iLnch spacing
[ rnm feed tn subreflector array and first type irises are as follows:

Frequency Pattern Gain Beamwidth Beamwidth Beamwidth Sicielobes Sidelobes
_______ Plane ___ (d g) (e deg) (deg) (dB) (*15c)(dB)

9.1 H 47.1 0.80 1.0 1.810 23 2
E -- 0.7 ~ 116 1.42 15 27

450 -- 0.73 1. 25 -- 15 2

A slight improvement wa noticed in the H-plane beamwidth when corn-
pared to that obtained with the fifth short setting (no irises) at 9. 1 GH-. No
Increase of gain resulted, however, possibly due to the E-plae beanwidth
broadening which also was noted. Since the best H -plan 1c.mwidth previ~ml
obtained wras -wthteeonsor setting (0.750). those cells with irises werej then reset to the second short setting and the H-plane pattern investigated. As
-before, the subreflecr array was placed at the maximutm gain position.I
Figures 81 and 82 are the resulting patterns.

Test results -with the subreflectoz array, modified second short setting,I
first type irises !n H-plane cells are summarized as follows for 20. 2-inch
spacing from feed to subreflector- array:

Half Power 10-dB 20-dB First Two Other
Frequency Pattern Beamwi&-h Beamwidth Pleamwidth Sidelobes SI~eldbes

(0.Hz) Plane (deg)y (deg) (deg) (dB) (±50)(dB)f

F91H 0-75 1.25 1.59 20 20
E 0.76 1.84) -- (Sho-jider) 25I

The above data show no impro-vement in H-zlane beamwidth over the
second short setting with no irises. The E-plane pattern again shows an
astigmatic condition, which indicates that this iris and short combination ra-
presents a poor choice. Since no improvement was anticipated, the gain was
not measured for this corifiguration.
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£ To obtain a better indication o! main reflecting dish illumination by
the use of feed-subreflector array patterns, the test arrangement shown in
figure 83 was established. The subreflector array and feed were rotated about
point P with the illumination being provided by a fixed transmitting horn. A
boloneter was mounted on the feed and the output used to dri.ve a pen recorder.
Figures 84 through 100 show the resulting patterns for the parameters listed in
table 1. A test frequency of 9. 1 GHz was used throughout.

The feed-subreflector array patterns confirmed those taken on single
elements with regard to H-plane element amplitude variations and nulls through-
out the included scan angle of the subreflector array. Using this arr-angement,
another type of inductive iris was investigated with the goal of broadening the
H-plane element pattern.

Table I

FEED-SUBREFLECTOI ARRAY PATTEIMS AT 9.1 GHz

Feed to Subreflector
Figure No. Iris Short Setting Pattern Plane Array Distance (in.)

84 None 2 E 20.25

85 None 2 E 19.25

86 None 2 H 20.25

87 None 2 E --

88 None 2 H 19.25

89 None 5 H 20.50

90 None 5 H 19.50

91 Ncne 5 H 19.50

92 None 5 H 19.50

93 None 5 E 19.50

94 Type 2 5 H 19.50

95 None 5 H 19.50

96 None 5 H 19.50

97 r'ype 2 5 E 19.50

98 Type 2 5 H 19,50

99 Type 3 5 E 19.50

100 Type 3 5 H 19.50

99
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The second and third type irises used for the feed-subreflector arnZy
patteLns are illustrated in figures 101 and 102. As with the first type of irises,
only those cells primarily responsible for H-plane performance had irises
placed at thc-r entry surface. The third type ii is seemed to yield promising

results based upon feed-subreflector array pattern performance. These irises
gave the following secondary pattern results, with the subreflector array at the
best focus H-plane position. The pattern is shown in figure 103 and is sum-
marized below for the fifth short setting with 1.9. 3-inch spacing from feed to
subrel.ector array and type 3 irises:

Half Power 10-dB 2n-dB First Two Other
Frequency Pattern Beamwidth Beamwidth Beamwidth Sidelobes Sidelobes

(GHz) Plane (deg) (deg) (deg) (dB) (dB)

9.1 H 1.08 1.94 - 15 17

The poor H-plane beamwidth obtained with these inductive irises ca. be
attributed only to the fact that an incorrect short setting is being used. A phase
error existed which may have been corrected by a shorting surface readjust-
ment, but the exact formulation of the change is not easily determined.

3-11 SUBREFLECTOR ARRAY, FIFTH SHORT SETTING,
MONOPULSE TYPE FEED HORN

The single-plane monopulse type feed horn shown in figure 1 was
mounted in place of the conical pencil beam feed. Figures 105 through III areI the H-plane sum and E-plane sum and difference patterns using the fifth short

setting for the &ubreflector array (no irises). The gain of the model antenna is
slightly lower using this t pe ieed when compared to results with the conical
feed at the fifth short stting. This is due to the somewhat hbgher feed spillover
and to the fact that the feed illumination is only approximately that for which the
subreflector array is designed. A summary of the performaice for the fifth
short setting with 19. 4-inch spacing from feed to subreflector array and the
monopulse type feed horn is as follows:

Half Power 10-dB 20-dB First Two Other
Frequency Pattern Gain Beamwidth Beamwidth Beamwidth Sidelobes Sidelobes

(GHz) Plane (dB) (deg) (deg) (deg) (dB) (±150 )(dB)

8.6 H 46.7 0.78 1.26 1.71 19 20
E -- 0.75 1.25 1.51 16 25

9.1 H 46.1 0.85 1.41 1.83 17 29
E -- 0.67 1.00 1.37 15 26

9.6 H 46.4 0.80 1.40 1.90 17 24
E -- 0.65 1.00 1.35 15 19
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The above results show that it is possible to use effectively a mono--
pulse feed with the subreflector array.

3-12 VSWR OF MODEL ANTENNA

VSWR of the model antenna was measured with both the pencil beam
and monopulse feed horns using the fifth short setting on the subreflector array.
A somewhat higher mismatch at 9. 1 GHz and 8.6 GHz accounts for some loss
of gain at these frequencies. The results follow:

Feed Horn Frequency (GHz) VSWR

Pencil Beam 10 1.06:1
9.6 1.14:1
9.1 1.30:1
8.6 1.30:1
8.2 1.20:1

Monopulse Type 9.6 1.16:1
9.1 1.21:1
8.6 1.08:1

3-13 POLARIZATION INDEPENDENT SUBREFLECTOR ARRAY

At the time the dielectric-filled subreflector array was fabricated,
the latest information available was the third set of computer-derived short
settings. These settings were appropriate!y transformed to concur with the
loaded square waveguide cells of the dielectric array. Once placed, the shorts
can be changed by melting out the wax from the cells. Figures 112 and 113 are
the pattern data for this subreflector array. Figure 114 is a photograph of the
subreflector array. The tabulated results toliow:

Half Power 10-dB 20-dB First Two Other
Frequency Pattern Gain Beamwidth Beamwidth Beamwidth Sidelobes Sidelobes

(GHz) Plane (dB) (deg) (deg) (deg) (03) (dB)

9.1 H 45.1 0.76 1.40 -- i5 22
E -- 0.73 1.23 -- 15 20

The results indicate that optimization of the short positions for the
polarization independent subreflector zrray has not been achieved.

3L14 NOISE TEMPERATURE MEASUREMENT
I

Measurement of antenna model noise temperature is made in accordance
with IEEE standards (6). This consists of a comparison of the antenna noise
output with that of a standard noise temperature load. To minimize measure-
ment error, the noise temperature of the standard is selected to be close to the

I

118 [
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4u"CIA4LA 4U~Luttu '.tuiuteriure. The V~andard ioad is, a matched resistive
terulination cd contrrjlied physical temjperatix:e using iqouid nitrogen (77. 40EQ
asa cooling agent. The standard is purchased from and calibrated by Maury
Microwave Corporationi. The load has a VSWR less than 1. 05 over a i-percent
frecfiency band centeafed at 9. 1 111z, and is calibrated to a temperature accur-Iacy of +10KC. The quoted .:-oise temperature of this lc'ad is 80 0K The noise
tbijie.ature measarement circuit consists of single-tole double-throw wva've-guide switch connected alternately to the antenna under tests and the standard
load. 'The noise output is connected through a precision waveguide attenuator
to a icrowave receiver that is pretuned to Cie test frequency. T~he precision
atenuator is adkiste-i so that receiver noise power outpui is the same for
alternate positions of-I the microwave switch. If La is the attenuator power loss
ratio with th6 switch cormected to the anteina, and L. i s the attenuator power
luszs rafi-o with Mhe switch connected to the standard load, then, the antenna2 temperature is given in terms of the ambient temperature and Vhe standard
load temperature by

-1 La

TIan.. Tam LZ 'Tstd ab

I Measurements have been made for the antenna pointing within 15 degrees of
zenith an! during the ev'ening to minimize external noise sources.

Vihe measured noise temperature of the IUnearly polarized suibreflector
array With the pencil beam feed is 270K. This represents the average of 150
measurements.

IThe measured noise temperature of the linearly polarized subreflector
array with the nionollse feed is 3,*_Ti epeet h vrg f7I meauements.Thsrrsntteavrg f7

In ordtr touse the nitrogen cooled load at other than~ 9.1 GHz, the
VSRofl the kiad was measured and used as a basis for recalibration. The

fqllowlng is: a tabulattion off the Load VSWR, calibrated load temperature, and
mebasrtd noise temperature of the pencil beam feed and the monopulse feed
using the lineafly polarized subrellector array.

MODEL ANTENNA NOISE TEMPERATURE

Load Pencil Beam Monopulse
Ftrequency Load- Temp. Feed Temp. FeedTemip.

.J~.L. VSWR (K

f.21.23 84 38 44j8A6 1.14 82 23 26 1

9.1 1.06 81 27 32j
961.16 83 2 "24

10.0 1.28 85.50 35 3R7
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VIM
SECTION 4V

DISCUSSIO N AND SUMMARY OF TEST RESULTS f

The following is a discussion of the model antenna performance with
respect to the established goals of the program. Established goals are as _
follows:

ANTENNA PERFORIMANCE WITH PENCIL BEAM FEED I
Parameter Minimum Objective F

Noise temperature 500 K 35 0K

Efficiency 68% 74%F
Banidwidth ±%at Xband ±100%'at Xband

Gain 46 dB 46 dB

VSWR Less than 1.3 Less than 1. 3

Half power beamwidth Less than 0.750 Less than 0. 7&0 L!:

10-dB beamwidth Less than 1.3r Less than 1. 2o

20-dB beaniwidth Less tha 1. 'o Less than 1. 7"-

First two sidelobes Less tan -15 dB Less than -15 dB

Other sidelobeF within *;50 Less than -25 dB Less than -25 dB

Reiavriing side.obes to ±180 Less than -40 dB Less than -40 dB

Polarization Linear Linear and
circular

V.

-- - -
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ANTENNA PERFORMANCE WITH MONOPUL&T, FEED

Parameter ObiectiveIN 500
Noise temperature 5 0

Efficiency 6 0 Y

Bandwidt ±5% at X band
Gain 46 dB

VSWR Less than 1. 5

Half power beamwidth Less than 0. 80

10-dB beamwidth Less than 1. 40

420-dB beamwidth Less than 1. 90

First two sidelobes Less than -1-5 dB
C~her sidelobes within :150 Less than -25 dB

Remaining sidelobes to ±1800 Less thaQn -40 dB

Polarization Linear

'The model tests reported in the previous section include performanee
usin a lieryplrzdsubrefle-,tor zrray with both a pencil beam and
monopulse feed a!-A a polarization independent subreflector array using a
pmeil beam feed. The sumniaiized results which follow represent the best

mode peformance achieved, -which gnrally corresponds to the fifth short
_4 -etnfrtelinearly polaiLied subreflector -array using both pencil beam

afid-monopulse feeds.

441 NOMIS FEMPERAThRE

The noise temperature of the linearly polarized subrefleetor array
with the pencil beam feed is less than 270K and with the monopulse feed is less
thain 320K over a ±5 percent X-132nd frequency range. This satisfies the Mini-
mum pencil beam feed perfar mance and the objective monopullse feed performance.

4-2 EFFICIENCGY

Calculated efficiency for die linearly polarized subreflector array is

shown in the tabulation below as a function of frequency:-.

124~



Ijii~ __ ____

8.2GHz 8.6GH 9.1Gz 9.6G z 10. GHz

Measured gain (dB) 45.2 46.7 47.1 46.5 47.2

Mismatch loss (dB) 0.04 0. 08 0. 08 0. 02 --

Excess transmission I
line loss (dB) 0.04 0.04 0.04 0.04 0.04

Excess blockage V
loss (dB) 0.08 0.08 0.08 0.08 0.08

Directive gain (dB: 45.4 46.9 47.3 46. 6 47.3

Maximum gain (dB) 48.1 48.5 49.0 49 5 49.7

Gain loss (dB) 2.7 1.6 1.7 2.9 2.4

Calcu lated efficiency
(percent) 54 69 68 52 58

The first line of the tabulation is the measared gain at the fifth short
position for which the best results were obtained. Since no measurements were
taken at the two ends of the band, however, the tabulation for this short pGsition I
uses the third short setting data for these two columns.

The mismatch loss ccrresnonds to the measured VSWR of the model
antenna. The excess transmission line loss corresponds to length of waveguide
between the feed and access flae._[--

The excess blockage loss corresponds to mounting and adjusiment -
rings near the subreflector array which were reauired for model flexibility bat -
which would be eliminated in a final design.

The directive gain of the antenna is the sum r. the first four items in the
above tabulation.

The maximum gain is that attainable by an ideal aperture of the model
diameter (117 inches) at the indicated frequency. I_-

Ti::! fin loss is the difference between the ideal niaximum gain and the
directive gin, and the efficiency, thus, is the gain loss converted to a
percentage.

The calculated efficiency is in excess of 68 percent over 2, 5-percent
frequency band and in excess of 52 percent over a :!_-lpercent frequency band
for the linearly polarized subreflector array using the. pencil beam feed.

A corresponding efficiency calculation for ihe monopalse feed is I
shown below.

125 1
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8. 6 GHz 9.1 GlIz 9.6 GH:z

Measured gain (dB) 46.7 46.1 46.4

Mismatch loss (dB) 0.01 0.04 0.02

Excess transmission line 0.04 0.04 0.04
loss (dB)

Excess blockage loss (dB) 0.08 0.08 0.08

Directive gain (dB) 46.8 46.3 46.5

Maximum gain (dB) 48.5 49,, 0 49.5

Gain loss (dB) 1.7 2.7 3.0

Calculated efficiency 68 54 50
-percent)

The results indicate that the measurements were made at an adjustment
position for the feed which favored the low end of the frequency band. At this
end, an efficiency of 68 percent was achieved.

The measured gain of tie polarization independent subreflector array
of 45. 1 dB corresponds to ar efficiency of 43 percent. Additional work is
required to optimize the performance of this unit.

4-3 BANDWIDTH

The model performance parameters were reported for as much as +10-

percent bandwidth at X band.
I

4-4 GAIN

The model gain with the linearly polarized subreflector array, and both
pencil beam feed and monopulse feed, is more than 46 dB over a ±5-percent
frequency band. The measured gain of the polarization independent subreflector
array is 45.1 dB at the design frequency.

4-5 VSWR

Model measurements with the linearly polarized subreflector indicate
a VSWR of less than 1.3:1 over ±10-percent frequency band for the pencil beam
feed, aid for *-5-percent frequency band for the monopulse feed.

4-6 HALF POWER :B.EAMWIDTH

The half power beamwidth for the linearly polarized subrellector array
and pencil beam feed is found to be less than 0. 70 degree in the E plane and less
than 0. 82 degree in the H and diagonal planes over a ±5-percert frequency band.
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The larger H-plane and diagonal-plane beamwidth is attributed to poorer sub-

reflector array element mismatch in these reflection planes.

The half power beamwidth with the monopulse feed is less than 0.75
degree in the E plane and less than 0. 85 degree in the H plane over a *5-percent
frequency band.

4-7 10-dB BEAMWIDTH

The 10-dB beamwidth for linearly polarized subreflector array with
pencil beam feed is less than 1. 2 degrees in the E plane and less than 1.4 de-
grees in the H and diagonal planes over a *5-percent frequency band.

The 10-dB bearnwidth for the monopulse feed is less than 1. 3 degrees
in the E plane and less than 1. 41 deg rees in the R plane over a *5-percent
frequency band.

4-8 20-dB BEAMWIDTH

The 20-dB beamwidth for the pencil beam feed and linearly polarized
subreflector array is less than 1.6 degrees in the E plane over a *5-percent
frequency band. Sidelobe shoulders in the H and diagonal planes smear the
20-dB "beamwidth over the *5-percent frequency band.

The 20-dB beamwidth for the monopulse feed and linearly polarized
subreflector array is less than 1.6 degrees in the E plane and less than 1.9
degrees in the H plane over a *5-percent frequency band.

4-9 FIRST TWO SIDELOBES

Measured first two sidelobes for the linear polarized subreflector
array are in excess of 15 dB below the peak over a +10-percent frequency band

for the pencil beam feed and in excess of 15 dB below the peak over a *5-percent
frequency band for the mjonopulse feed. [

4-10 OTHER SIDELOBES WITHIN *15 DEGREES

Measured sidelobes within *15 degrees of the beam peak are better than
26 dB below peak level over a 5-percent frequency band and better than 20 dB
below peak level over a *10-percent frequency band for the linearly polarized
subreflector array and pencil beam feed.

Measurements with the monopilse feed indicate sidedobes better than
19 dB below peak level over a *±5-percent frequency band.

4-11 REMAINING SIDELOBES TO ±180 DEGREES

Far out sidelobe level measurements for the pencil beam and mono-

pulse feed indicate sidelobe levels below 40 dB of the beam peak over- a ±5-per-
cent frequency band. Cross polarized sidelobes are below 40 :1B of the beam
peak. A representative wide angle pattern is shown in figure 104.
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4-12 SUMMARY

A review of the measured performance indicates that significant gain-
noise temperature performance improvements have been achieved over a 5-
percent frequency band as compared to a conventional Cassegrain subreflector
configuration. Despite these performance improvements, the pencil beam model
results fall slightly short of the established goals in the following respects.
Principally, the H-plane and diagonal-plane bestmwidths exceed the established
goals by up to 10 percent, which, for most applications, will not be significant.
More important, the 68-percent efficiency is achieved over a 5-percent fre-
quency band, rather than ±5 percent.

Although reasonably good performance has been achieved with the
linearly polarized subreflector array using both the moncpulse and pencil beam
feeds, the performance is as yet somewhat less than the theoretically predicted
ideal performance. This was found to be due to the poorer H-plane element
match as a function of incidence and reflection angles. The measured array
element pattern in the H plane possesses sharp dips which occur at angles
closer to broadside than the angle corresponding to formation of the first
grating lobe. These dips in the H-plane element pattern imply reduced ele-
ment gain in these directions and reduced illumination efficiency for the para-
bolic reflector aperture. Further, it was found that changes occur in the
element reflection coefficient at thise angles which require significantly more
shorting surface correction in the H plane as compared to the E plane. Adjust-
ieht of the shorting surface significantly reduced the mismatch phase error and

eliminated the astiginatic behavior of the subreflector array. The shorting
surface adjustment does not eliminate the amplitude error, however, which
accounts for the broader H-plane Versus- E-plane pattern performance of the
mOdel antenna with its subreflector array.

The above-mentioned sharp dips in the array element pattern, for
certain element configurations, have been reported in the literature. Until
vei-y recently, however, the explanation for and prediction of this type of per-
foinhance was not possible. Recent reported results (8) indicate that the dips in
the H-plane element pattern, which are dependent upon the array element and
array lattice configuration, can be predicted by considering higher order modes
in the aperture array interface. The implication is that further optimization of
the subreflector array performance would require modification of the array
element and array lattice.
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SECTION 5

FOCAL FED LENS-ARRAY DESIGN

The purpose of the focal fed lens-array design is to improve the
efficiency and noise temperature of a focal fed parabolic reflector. The
mechaijism for this improvement essentially is the same as for the subreflec-
tor array with a Cassegrain geometry. The lens-array will be placed between
the feed and the parabolic reflector and will be designed to affect an aperture
illumination transform. That is, the lens-array will transform a tapered feed
radiation function into a nearly uniform parabolic reflector illumination func-
tion. In addition, the major part of the radiation pattern will be confined within
the individual angle between the lens-array and the parabolic reflector to
minimize spillover.

5-1 DESIGN EQUATIONS

Consider the geometry s'own in figure 115. The cartesian coordinate
system originates at the phased center of the feed. A second primed coordinate
system is centered at the parabolic reflector focal point such that

x = x, y' = y, z = z'+a (1)

Assume a point on the entry surface of the lens-array, Pin ' with coordinates
( Xn, Yn , z 1 n ), and a point on the exit surface of the lens-array, P2 . , With
coordinates ( x2n, Y2n z 2 n ). Assume a multicellular waveguide array which
is constrained such that

Xln = X2n

Yin = Y2n ()

To achieve a spherical phase front at the exit surface of the lens-array
AO

Pi n '- (Z2n - Zn) "- P2n +C (3)

where n is the distance from the feed phase center to P and p 1n is the
distance Irom the parabolic reflector focal point to P2n"
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f. 2 1 2 2
.Fin 41 xlIn +Yln + ll -- %rln +ZJn

2: a 2 
(4)

P2n = "2n +Y2n + (2n- 2 (4

P2n - 2n +(z2
n "a)2

IsI I • 2

P2n = irn + (z2n - a) 2  (5)

The quantity xo, in equation (3) is the free space wavelength, and X,- is the
guide wavelength for the lens-array. To evaluate the constant, C, . satisfy
the path length requirements Ct the center of the lens-array

AO

p10 +- (Z 2 0 -Zo) 
= P20 C (6)

ag

which reduces to

C (z20 -Zo)(l +a (7)

rThis is in terms of the central thickness and propagation properties of the lens-
array, and the distance between feed phase center and parabolic reflector focal
point.

The above phase requirements provide one relationship between the exit
and entry surface of the iens-array. In this iorm, the solution is still in-
determinate. The specification of the desired amplitude transformation pro-
duces a determinislic solution.

Let the feed pattern function be described by E(e), and the parabolic
reflector aperture design amplitude by F (r). Conservation of energy requires
that

Q(OM) =f EZ(-)I: sin 6de = I F(r)12 rdr (8)
0 0

where e m and rm are dummy variables for the feed angle and the parabolic re-
flector radius, respectively. Aiso, we have assumed axial symmetry for both
the feed pattern function and the parabolic reflector amplitude illumination
function.

The function '"(r) is chosen wJth a normalization constant, K, so that
the conservation of energy relationship is satisfied. As for the subreflector
array design, (!) assume I
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-11/2 r .. =

F(r) k (9)

where k and P are the illumination parameters which, respectively, determine
the edge taper and the shape of the function. The quantity, f, is the parabolic
reflector focal distance, and rmax = d/2 is the maximum radius of the parabolic
reflector.

Equation (8) can then be written as

Q( =rm2  l (10)
4f2K 12 P 2 (r a + 2 a10)

To evaluate the normalization constant K, let em - a and rm - rmax., Then,

K 12k k2

I-- -+)--=1(11)

(4f
2  2P +2 2P+2 2

andl b

2- 
r 4f 

2a 
(]Q (e) + .. ~ k m2 1 (2

max 2 FZ2 m ax) 2 + 2 m

F 1 -2k 
k2

P2 2 P+ 2 j
Now the aperture radius vector is related to the lens-array exit surface

ahgle6 by

2/2 4f (13)

In terms of the- exit surface -oordinates

2 2 24= x2 n (5.

frm equation (14)(1)

+ /(2 2

2- n

-i -- -l -_- -. -: --_ --::=--- - i : K :--:- : - -...
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To evaluate this expression at the center of the array, let r2n -. 0
and rm -. 0. Therefore,

Z90 - a - 2f/d -r ) (17).

now also

r2n =z, tan . (18)

and for a m 0

r2, -Zl 0 sin am  (19)

also from equation (12)

rm -  F1_ 2k _ k21 1 2

-max) L_ 2P+2 "P-j

Therefore,

sine8 2 $.x
z20-a - (2f/d) z1o sin (21)

But for L

!E(e) 12  = 1 (22)
at 0=0

then

in a 2 ( 2 3 )Wed-m =6'

and -

-a 2k k2  1/
max/d 21 2P+2 2P2 i-A 24)

Also

Fi 2k k2 W-l
L2 2P+2 2-+2a( ax)Z20 12] /2 (24a)

2P + 2 2P + I (/d Q/firax)
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To evaLuate the expreasions for the edge ray.. let rM - rmax an
ri rz 2n Therefore, from equatlc-ii (14)

Z2m~ax - r [I -1a 7 d2 !/16f 2 l -,,/d (25)

Using eqriations (3), (7) and

~1a Imax/n max (26)

p~vmix =rmax (1 +d2 /5f? ) 2f/d (27)
ifZlax r1 .~x cot (6imax) (28)

f e find that

0ma max
)F 71* Fre spac to

* etrticns fth esara,(L
* avgld el paig n goety

rI
imax

9 1
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(5) Lincreument r~ in accordance with the number of lens-array radiiI for which solutions are desired.
(6) fri/r max 0 then z2n =z2,3 and n=Z1
(7) If rln/rmax =1, then. z2n is obtained from equation (25) and

Zlfl is obtained from equation. (28).
(8) If rln/r'max is not equal to zero and is not equal to 1, then solve

using one of the following _iterative procedures.

(9)Assme (rm/rma~~ (rID/ri max)
(110) Calculate f'Q le _)i.from equation (12)
'11) Calculate (e~ )- from equation (8). The relative difficulty of this

step will depQn upon the form that is assumed for the feed pattern
function. TY we asssume, for example,

E(el = cos e (31)

ALl-M= C 11, )41 (32)

(12) Slefr(z 2 A uin equation (16)j1)Sov for (zin)i using equations (3), (4), (5). and (7)
(14 caculate

=rd (zlaX tan 0(33)

1~~ (34j

where is an.arbitrarilv small namber, then a sohition has beer.
fudand the calculation m-ntinues with step (18)1 Otheri~ise, let

'Tr Yra) I (--ax~i (rin)i/ria

and continue from step (10),.
(16 Esablsh lmit on the maximum number of iteration.Ti
n-uibier will be based upon experence I~ a particular set -of
calculation parameters. Subreflector arry design calcuilatiens,

* for example, used 100 iterations as being sufficient.
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117) Iftesolution does not converge within the established maximum

(r~Imaxr + - (r 1 )1  r. (rmax - rin
imax - (rid)i VI'yn 1ax - n I

and continue from step (19).

(18) Upon satisfying the convergence test described by equation (34), the
solution is essentially complete. Let

2z 2n = (z9,.)1  (38%

This establishes the lens-array contour for the particular value of
S the radii rmn. The solution then continues from step (5) until all

desired radii values are complete.

5-2- LENS-ARARAY SUMMARY

-Preceding has been a discussion of a detailed procedure for a lens-
array-desiga to improve the efficiency and noise temperature of a focal fed
,firabodic reflector. There are, in addition, other considerations for a comn-

p~ee e~-auatcmof this technique.

7te lens-array is visualized as a multicellular waveguide structure.
A-linearly polarized design- would use rectangular waveguide, while a polariza-
Vi iimdependent design might use dielectrically or ridge loaded square wave-
guide. Other waveguide cross-sections also are possible; and the lens-array

nigtbe fabricated in light weight strip transmission line using compatible
- radiating elements.

For lightweight and/or broadband lensc-array applications, considera-
tion can lh gi~ai- to zoning the struchure. 'Z,-rdrng tlechniques would DTie similar to
those developed for the subreflector array. (4

Surface mismatch effects for the lens-array must also be considered.
M-ithis case, it would be necessary to match both surfaces of thie tens-array toI rninfnie refleetioA losses and tra nsmission phase errors. In this respect, !he
desli of a lenis-array would be more difficult than a subreflector array, which
tr*9adjustment of the shorting surface to achieve partially the- desired mis-

mthcorrection. &mrface mismatch effects for- a lenus-array will be a function
d incidence aud reflection angles. as well as relative orientation of the electric
field-*ector. This will genierally require matching surfaces that are different
ior the two lens-array faces, and which vary over each face.[
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The cdesign of a lens-array must also include diffraction pattern Der-
formaace evaluation&o the structure This is to insure that the lens-array
element spacti&ng other design - Paz ameters are satisfactory, and that the

ei~ itlurniratiort functi. is achieved.

'Me applications for lens-array performance improvement would
include bohoeain n assem n e ein.Ieln
wilitoueadtoaAipotsrctr eurmns swl sadtoa

§ Iblockage and loss. This will tend to mininize the efficiency and noise temipera-
Itare 5anprovement that cnbahivdwithf this tcnqe

I The decision between a fbcal fed or a Gassegrain reflector configura-
lion is generally based upo~n allowable blockage for a particular design. The
Cassegrain configuration is selected because the feed is near the verte;x, is

L.more accessible for transmnission line connection, and represents reduced feed.
support problems.. The focal fed configuration generally is selected when the
suvbreflec'zer revresents excessive blockage, for a minimum, in the order of
10-wavelength dia2meter. If his is the case, lens-array blocekage, for the focal*1fed configuration, would also represent excessive blockage. The minimum main

-' naraboli- reflector diameter for Cassegrain geometry is in the order of 80 toI 100 wavelengths for a low aperture blockage, high efficiency design. Very
I similar mrlflm size limitations also apply for use of a lens-array. it is also

likely that, for cases in which a focal fed and lens-array combination wouldI provide impr-oved antenna performance, that a vertex feed and subreflector-
array would provide similar imnprovement Trhe vertex feed and subreflector
array might then represent a better design choice.

IAz
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SECTION 6

CONICAL SCANNING AND MONO:PULSE SYSTEMS

This section, considers the uee of inverse taper transformation for
conical scanning and w~onopuise antenna systems. Both the similarities and the
differences between suforeflector array design for the two traeking feeds, as
compared to - pencil beam feed, are discussed.

j indep'~ndent. of feed type, su'reflector array desigii, to achieve inverse
taper transf&-mation, depends upon specification of the feed horn pattern
chara '"eristied. The present design techniques require axially symmetrical-.1 eed- pattern characteristics, low spillover power beyond the edge of the 61fa-
refiector array, pattern polarization independence for- a feed with arbitrary
polarization capability,, and non-astIgmatic feed piroperties. The degrea to
which these properties are achieved , by either a tracking or pencil beam feed,
will dletermine the antenna efficiency and noise temperature performatize which
can be achieved.

6-1 CONICAL SCANNING SYSTEMS

For the conical scanning feed sysbotn, the eignificant antenna parameters
are the boresight gain, modulation sensitivity, and pattern symmetry, Boresight
gain and modulation sensitivity are inversely related, so that a compromise must
be made in terms, of the beam squint angle. The use of subreflecrr array tech-
niques, in conjunctionl wie. a conical scann-ing feed, can be expected to increase
the gain of the squinted beam. This will' provide the following design alternatives
as compared to the use of a- hyperbolic subreflector:

I mproved erpse-over-gaint for the same beamwidth separation and
modulation senaidvity

o' mproved modulation sensitivity for increased beamwidth separa-
tion an& the same crossover gain-

* *A compromise imaprovemeni for bath: thf- crossover- gain and
;modulation sensitivity.

In-addtion, the u-se of electronic phase shifters between the -enry and shorting
studaces of the sabreflector- array provides a means lor an inertia-less coni'sai
scanning. system. Also one might consider design of the stubreflectoz arrr.y to
minimize the off-axi3 scanning aberrations of the con~cal scanning -feed.
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Subreflector array de2ign is different for the corical scanning feed,
as compared to a simple pencil beam feed, in terms of the off-axis faed re-
quirements and the somewhat asymmetrical feed amplitude illumination. The
effect of th.e smail asymmetrical illumination will be insignificant. This is
substantiated by calculated performance for various feed illumination functions
with a given subreflector array. (4) These results indi.?ate less than 1. 5-per-
cent efficiency change for a much as 3-dB change in the feed edge taper.

Subreflector array off-axis scan properties will be substantially the

same ae that for the replacement hyperbolic subreflector. The principal differ-
ence is in terms of the more nearly uniform amplitude illumination function
which is characteristic of the subreflector array. This will produce a some-
what modified beam deviation factor and a somewhat larger coma error effect
for a given beam scan angle. This is offset, however, by the reduced sub-
reflector array beamwidth so that substantially the same aberrations will be
evidenced in terms of beamwidths of scan.

6-2 MONOPULSE SYSTEMS

Monpulse systems, although similar to conical scan systems, obtain
tracking information by use of fixcd rather than scanned beams. Monopulse
feed types include (7) (1) the four-horn feed, (2) the five-horn feed, (3) the
twelve-horn feed, (4) the one-horn feed, (5) the two-horn dual mode feed,
(6) the two horn triple mode feed, and (7) the four-horn triple mode feed. The
essential differences between feed types are based upon polarization require-
ments and the desire to optimize the sum channel gain and the difference
channel slope by prov-iding difference feed aperture sizes for the various mono-
pulse channels.

With respect to the sum channel illumination function, the transforma-
tion s the same as for a pencil beam feed. A sum channel gain improvement
can be expected by transformation of the tapered feed pattern function into
a more nearly uniform reflector aperture illumination function. This is
indicated by the reported measurement results using a single plane monopulse
feed. The above monopulse and conical scanning feed discussion pertains to
both the cassegrain and focal fed antennz geometries. Substantially the same
performance would be aniticipated using either a subreflector array or a lens
array to achieve the desired illumination taper transformation.
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SECTI1ON 7

CONCLUSIONS AND RECOMMENDATIONS

-3-

This report conicludes a program of investigation concerned with the
developmet and eval~iaiion of an inverse taper transformation technique, used
in o junction with a. maiabolic reflector to achieve high, efficiency anid low
noise temperature- antenna performance,

Te d esign equations for the subreflectr rastuuehvebn
I developed. n-hIs development is based upon achieviing high aperture illumina-

~> J ttu,. low noise tenmperature illuminatiorn functions which are within the diffrac-
don limitations of the siTruciure, The design~ includes calculation of the entry
jsurkage And -shorting sitrf ace contOdfrS of thle stubrefleetor array and diffraction
a#iprn performancT calculationi for the unit,. Shorting surface calculations

_ iclinie Vie effect of inpat sulface impedance parameters, propagation r.t
Ic~ghinthe multicellular waveguide- medium - and-zoribig to achieve either
minimtrt dpth or- maximumba keiomne

A demnonstraicv- model based oi( the above des'gn as been built and
tested atX band . This- has utilh~ed a 10-foot diamie ter oarzabolic- reflecon

a linarlypolarlzed and a riolarizationl independent subrc-flector array both of
whic~h are inominaly 15i iches in diameter. tests have beein canducred using
both a dual moac conicalpencil, bearn feeid horit and a single plane tnonopulse

lb - optimiz model performhance. tests Ihav eon cond ced using
viouis shorting surface descriptions. -3nl lmn atern characte-ristics

hae - been examined -in the array envix onment. Also, pat,,rni masurements;
have been-made u. sng the feed-su.braflector array coxfllfintofl, as well as thC-
feed- subrellector array-parabolice reflector combination. Surface Mismatch
-effects -have-been examined and variou, -3atching configura-ions: have been
investgated. Tests have been consducted to determine the necessary shorting
&urface modification to minimize the phase error due to surface mismatch.

Teasts performed or, the breadboard model antenna include principal1
pl4is and diagonal plane patterns. VSWRganadatea noise temperature.

Model teste using both type !feed hornsr and the linearly polarized sub-
reftecto, array indicate that antenna efficiencies of 68 percent can. be achieved

~24 overa s-percent V:equency band. This represents a, signU eaant effircienc
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improvement as compared to model measurements of 51. 3-per cent efficiency
using a conventional hyperbolic subreflector. Model noise temperature mea-
surements indicate 270 K and 32 0 K for the pencil beam and monopulse feeds,
respectively over a ±5 percent frequency band.

Model tests using the polarization independent subreflector array

indicate an antenna efficiency of 43 percent for this configuration. Optimization
of the shorting surface has not been achieved and must await advances in the
teclology of subrefiector array surface impedance matching techniques for
dielectric loaded elements in this very special environment (curved surfaces,
rapid amplitude variations, etc.).

The above model pr,)gram has been based upon a parabolic reflector
focal length-to-diameter ratio equal to 0. 4. Increasing the focal, length-to-
diameter ratio to 0. 5, for example, would improve the performance of the sub-
reflector array" since the range of incidence and reflection angles would be
reduced for this geometry. The degree of improvement with increasing focal
length to diameter ratio is not known at this time. An efficiency improvement

from 68 percent to 75 percent represents an upper limit, however, for a 100
wavelength aperture as indicated by the theoretical subreflector array calcula-
tions in Reference 4. Also, due to increasing reflection angles some degradation
in efficiency would be predicted by reduction of the focal length to diameter ratio
0. 25.

The model antenna aperture size of approximately 92 wavelengths is
found to be near minimum for a significant noise temperature efficiency improve-
mew't. This is based upon inverse taper structure blockage which places an
upper limit on the size of the subreflector array. Diffraction limitations place
a lower limit on the size of the subreflector array which is based upon the
resulting aperture illumination efficiency that can be achieved. It is concluded,

. therefore, that designs for smaller parabolic reflector aperture sizes will show
smaller efficiency improvement and that larger parabolic reflector aperture
sizes will show larger efficiency improvements. Techniques for estimating
efficiency variation with aperture have been established in Reference 4. Typically:
it is estimated that an efficiency of 60 percent could be achieved w.th a 50 wave-
length aperture and that an efficiency of 72 percent could be achieved with a 200
wavelength aperture over a 5 percent :?requency band.

Inverse taper transformation techniques, for use with a focal fed
parabolic reflector, have been examined, The design equations for a lens
array to accomplish the above traudormation have been established. The
utility of this technique is limited, however, by lens array bloclsage. Typical
efficiencies which might be anticipated for the focal fed geometry are the same
as those for a cassegraln configuration. T hat is, 60. 68 and 72 percent fcr 50,
100, and 200 wavelength apertureresTpective.y. In all c.ises for which modifi-
cation of an existing focal fed system is being evaluat4 the use of a. subreflector
array and vertex feed should be considered as an alternate to a lens rray and
focal feed.
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By virtue of the subreflector array and the lens array design the power
densities on the structure will be considerably less than those at the feed. The

.- ~tructure is sufficiently simple so that no signilicant high power handling limita-
tions are anticipated. A high power capability of up to 10 megawatts at X-Band
should not represent a problem.

The model antenna and design calculations performed during the study
pfogram have been specifically concerned with X-Band operation. The design
techniques are directly scalable with frequency. This would permit structure
design and performance estimates for any operating frequency band within the
range of frequencies from 0. 40 to 10.0 GHz.

The results to date have demonstrated the present state-of-the-art
capability of the inverse taper transformation subreflector array technique.
All design areas have been investigated and analyzed in depth, particularly,
aperture theory, mr easurement, and mutual coupling concepts.

Element pattern characteristics and impedance matching for very
broad angles remains the only significant problem area, particularly in the
Hplane. With thepresent model, the incidence angle from the secondary sub-
reflector array normal to the edge of the dish is much larger than 60 degrees.
The prcilem Is aggravated at the edge of the subreflector array since these
cells- are contoured backward. The reflecting cells at the edge are required to
illuminate the dish at wider angles than they can "scan", in the H plane. There-
fore-the H-plane illumination inherently drops off much faster at the dish edge
than-is expected from simple ray optics or diffraction pattern reflection pre -
dictions. A number of techniques were unsuccessfully investigated during the
above program to minimize this problem "ldicati;ng that a basi c technical break-
throd& is-necessary to effect further improvement.

The requirement for such a wide "scan" angle is beyond the state-of-
the-it, 60 degrees being about the upper limit of H-plane scan. The problem
is umiqe., too, because of the steep amplitude gradient and the spherical phase
gradiet which exists at the surface of the secondary subreflector array.
UMually, arrays of elements work in concert to form a plane wave with enly
moderate amplitude gradients. Further theoretical and experimental investiga-
tion-may lead to closer correlation to the theoretically predicted efficiency-noise
temperature improvement, but the direction and basis of such an investigation
Is not defineable at this time.
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